Summary &horbar; The aim of this review is to provide a better understanding of the ways in which ruminants control their voluntary intake of finely-chopped silages. Silages with an excellent conservation quality can be ingested at similar levels to the corresponding fresh or dry forages. Intake levels decrease when conservation quality decreases. The implicated physiological mechanisms for this phenomenon are discussed in this review. Poorly preserved silages may have low palatibility, decreasing the animal's motivation to ingest. At the ruminal level, the physical control of intake is generally not involved. On the other hand the fermentation products present in silage seem to induce a high and rapid level of satiation, out of proportion to their relatively low quantity. At the metabolical level some limiting factors may also exist (eg, a poor balance between amino acids and energy, and high levels of acids to be metabolized). Fermentation products induce most of the observed reactions. For well-preserved silages, high quantities of lactic and acetic acids limit intake. Their effects seem to be additive, which explains the observation that low pH often has a negative action. The negative effect of moisture is generally strengthened by that of the acids. For poorly-preserved silages, products of protein decomposition must be considered in addition to volatile fatty acids. The effect of N-compounds is less clearly explained than that of acids. For example, ammonia alone generally seems to have no direct effect. However it is clear that N-compounds taken together have a negative effect on appetite. It can be concluded that the negative effects of poor quality silages are multifactorial; each fermentation product alone has a low effect, but the sum of all the components must be considered. Moreover, it is apparent that some physiological mechanisms are used to control silage intake, which explains the complexity of the studies on this subject. 
INTRODUCTION
In order to explain variations in forage intake, and to be able to predict voluntary intake levels, it is necessary to know the factors and mechanisms that are involved in voluntary intake and how they act on its regulation. Ensiled grass and maize are now widely used as forage in cattle and dairy production throughout Europe and North America. However, the voluntary intake of these silages varies greatly and is generally lower than that of the corresponding fresh grass or hay (Demarquilly, 1973; Dul- phy et Michalet-Doreau, 1981 Because animal performance is positively related to the level of voluntary intake, a great deal of research has been undertaken in the last three decades to explain the origin of lower levels of intake and intake variations of ensiled forages. One major finding is that daily intake is affected by numerous silagerelated factors.
The aim of this paper was to review the current state of our knowledge of silagerelated factors affecting intake, and the mechanisms involved. The first part of the review outlines the major conclusions concerning the voluntary intake of silage and some associated phenomena. The second part analyses the principal mechanisms regulating intake and the silage characteristics that affect voluntary intake.
REVIEW OF MAIN RESULTS

Voluntary intake
The fermentation quality of silages can be characterized by their levels of certain fermentation products. Quality classification levels based on fermentation products have been proposed by several authors including Dulphy and Demarquilly (1981) . Wellpreserved silages can be characterized by the following figures: NH 3 -N under 5% of total nitrogen (N), soluble N under 50% of total N, volatile fatty acids (VFA) under 25 g/kg dry matter (DM), and no propionic or butyric acids.
In bovine animals, the DM voluntary intake of good quality grass silages, based on the classification of Dulphy and Demarquilly (1981) was close to that of the initial fresh forage (98% for eight comparisons ; Dulphy et al, 1984) . From the results of different trials, Dulphy et al (1987) proposed a mean decrease of 3-5%. Compared to hays prepared with the same initial green forages, the intake of good silages by dairy cows is sometimes better (+6% for eight comparisons in the literature), and sometimes slightly lower (-5 .5% for three comparisons at INRA) (Dulphy, 1987) . Moreover, in their trials with heifers, Dulphy and Rouel (1988) observed a hay intake 5% higher than that of the initial fresh forages (12 comparisons). Nevertheless Dulphy et al (1987) suggested that the intake of good grass silages should be set at 3-5% under that of well-prepared corresponding hays (field-cured with fine weather).
In sheep, Dulphy and Michalet-Doreau (1981) found a 17% reduction of silage intake compared with the original forage (64 comparisons). In this study the intake of fresh forage was determined by long-day measurements, whereas silage intake was measured during the winter over short day lengths. In an experiment where the animals were fed the same hay throughout the year, Michalet-Doreau and Gatel (1983) also found a reduction in intake when the day length decreased. The difference in intake between silage and grass observed by Dulphy and Michalet-Doreau (1981) Brown and Radcliffe, 1972; Demarquilly, 1973) and beef cattle (McCarrick et al, 1965; Harris et al, 1966; McCullough, 1966; Waldo et al, 1968 ; Rook and Gill, 1990) . A negative correlation was also found between intake and propionic acid levels for sheep (Brown and Radcliffe, 1972 ). Dulphy and Michalet-Doreau (1981) Watson, 1970; Waldo et al, 1971 Waldo et al, , 1975 Waldo, 1977; Jarrige et al, 1981 Kennedy (1990) (Dulphy et al, 1984) and the quantity eaten during the first meal after feeding (main meal) (Dulphy, 1985) indicated that ruminants exhibit signs of satiation earlier when fed grass silage rather than hay.
The intake pattern of cattle fed silage is characterized by a relatively short main meal (Gill et al, 1988 ) and a high number of small meals during the day (Thiago et al, 1992b) . Unlike hay, therefore, silage probably contains components that have an impact on intake behaviour. In well-preserved silages these components seem to have little or no effect on total daily intake. Sheep compensate for a lower intake during the main meal of the day by taking more meals subsequently during the day or by increasing their size (Dulphy, 1985) . The fermentation prod-during the main meal but also reduce the number of subsequent meals and the intake during them (Chiofalo et al, 1992) . This suggests that satiation lasts throughout the day (Baumont et al, 1993) , preventing the animals from compensating for the reduced intake at the main meal.
The intake rate during the day, as with that during the main meal, is a parameter that distinguishes between forages of different ingestibilities. However, this intake rate is comparable between silages and fresh forages or hays (Jarrige et al, 1995) . Sometimes silage is more rapidly consumed than fresh forage. In the experiments of Dulphy et al (1984) there was little evidence for sheep that the intake rate during the main meal was affected by preservation quality. This contradiction, however, does not exclude the negative effects of fermentation products, the duration of intake then being shorter. However, the lower intake rates observed in heifers during the day and at the main meal suggest that they are more sensitive to variations in preservation quality of silage (Dulphy and Demarquilly, 1977; Dulphy et al, 1984) .
The shorter time spent ruminating by cattle (Thiago et al, 1992b) , dairy cows (Van Bruchem et al, 1991) and sheep (Chiofalo et al, 1992) when fed silage, rather than hay, or when silage preservation is poor (Teller et al, 1989) , is merely a consequence of the lower intake and not its cause.
In conclusion, fermentation products in silages alter intake behaviour in such a way that signs of satiation are observed shortly after ingestion.
Associated ruminal phenomena
According to Thiago and Gill (1986) (Grovum, 1987) . Because the intake of silages of excellent quality is similar to that of hay or fresh forage from the same crop, it can be assumed that, with this type of silage, the regulating mechanisms at the three levels mentioned, act in the same way as for the intake of hay or fresh material. Intake decreases when the concentrations of fermentation products in silage increase, which suggests there is a shift in the way satiation signals are generated. The extent to which the regulation mechanisms affecting the oropharyngeal, ruminal and metabolic levels control the silage intake will therefore be discussed.
Oropharyngeal level
Palatibility is widely acknowledged to be a factor that determines forage intake (Greenhalgh and Reid, 1971; Grovum, 1987 (Greenhalgh and Reid, 1971 (Michalet, 1975) , and the increase in intake observed when flavouring compounds were added to silage (Henderson and Anderson, 1986; Corkum et al, 1994) .
From a great number of silage fermentation products (lactic and volatile organic acids, amino acids, ammonia and amines) Buchanan-Smith (1990) (Gatel, 1984; Baumont et al, 1990) , showing that palatibility plays a significant role in short term satiation (ie, there is low motivation to ingest low-quality hays).
In conclusion, an effect of palatibility is possible but not very clear. Although acetic acid was generally the only fermentation product found to act negatively on palatibility, there is still the possibility that different fermentation products acting together have a more general effect on palatibility. Moreover, as emphasized by Buchanan-Smith (1990) (Waldo et al, 1965; Campling, 1966; Lawlor and O'Shea, 1967; Thiago et al, 1992b; Chiofalo et al, 1992) . This was also found when well-and poorly-preserved silages were compared (Dulphy et al, 1975; Chiofalo et al, 1992) .
The effects of fermentation products on digestibility are considered to be low (McDonald et al, 1991; Dulphy and Demarquilly, 1991 although the fibre and ash contents may be slightly greater in lower quality silages (Demarquilly, 1973) . Lower digestibility has been mainly observed for wilted silages, but there is no effect on intake, which is generally higher with this type of silage. Teller et al (1989) , however, found that wilting did not alter ruminal digestion. Digestibility is also decreased when losses in effluent are high. Hence, differences in intake between fresh grass and silage or between well-and poorly-preserved silages cannot be explained by differences in digestibility except, perhaps, for very wet silages.
The rate of DM disappearance from the reticulo-rumen is comparable (Chiofalo et al, 1992) or higher with silage than with hay (Thiago et al, 1992a) . The cellulolytic activity of the rumen microbes is also similar in animals fed silage or hay (Dulphy et al, 1975) , and preservation quality seems to have no effect on digestion rate in the rumen.
In addition, Thiago et al (1992a) observed a higher passage rate from the rumen for both the liquid and solid phases with silage than with hay, although the intake of silage was lower. This finding and the conclusions of Gill et al (1988) show that rumen fill is not the major factor involved in the voluntary intake of well-and poorly-preserved silages. It could, however, be the case if rapid gas production leads to increased rumen distension (Prates et al, 1986; Thiago et al, 1992a From experiments in which the intake of maize silage increased after the addition of urea (Demarquilly et al, 1971; and from others in which fish meal was added to grass silages (Gill and England, 1984; England and Gill, 1985) , it was concluded that the rumen digestion rate might act as a limiting factor in silage intake when the silage contains insufficient nitrogen to achieve optimum microbial digestion. This hypothesis was rejected by Thomas et al (1980) and Gill and al (1987) . Wide variations in rumen ammonia and VFA concentrations are more common as a consequence of silage intake. The highest concentrations, however, are found for silages with the greatest intake, such as wilted silages (Teller et ai, 1989) . In animals receiving hay or silage, Chiofalo et at (1992) observed the lowest pH and highest osmolality and VFA concentrations at the end of the main meal of hay, for which the intake was significantly higher.
There remain many areas of uncertainty. According to , the positive effect of silage neutralization on intake is not exerted in the rumen. Feedback signals affecting the intake may be also rapidly initiated by the duodenum (Bueno, 1975) , liver or nervous system. Rapid satiety could also be caused by a learning mechanism, since it is not observed with the first silage meals but begins 4-5 days later (Dulphy, 1972 (Baile, 1975; Forbes, 1980 ; , the acid-base equilibrium of the organism is naturally disturbed, and evidence of acidosis is shown by the low pH of the urine. Neutralization by means of bicarbonate would then have a positive effect.
The second suggestion is that the animal's ability to rapidly metabolize the large amounts of organic acids ingested is limited because it lacks the energy (glucose) required for its metabolic functions (England and Gill, 1985; Gill et al, 1988 (Thomas et al, 1980; Gill et al, 1987) . Gill et al (1986) , however, estimated that it did not apply to well-preserved silages.
In a recent study, Phillip and Simpson (1992) During the intake of precision-chopped silages, it appears that fermentation products rapidly produce a state of satiation, which prevents the rumen from using its entire capacity. In studies on sheep, in which the phenomenon was observed (Dulphy, 1985) , the effect was ascribed to organic acids (VFA and lactic acid) in the silage and to the products of protein degradation. The influence of these products was increased when the silage was poorly preserved. The water content of the silage also seems to have a negative effect, especially for bovines.
With poorly-preserved silages there are two types of mechanisms that reduce daily intake: 1) mechanisms that reduce the duration or the volume of the meal, or both; and 2) mechanisms that reduce the number of meals per day. With precision-chopped silages the latter has a minor influence on daily intake, but it is significant with silages from long material (Dulphy and Demarquilly, 1973 Brown and Radcliffe, 1972; Shaver et al, 1985; Erdman, 1988) .
In the first case it is obvious that acidity is not involved. (Malterre, 1976) . The effect on intake of maize silages with low DM is therefore comparable to that of well-acidified grass silages.
The influence of acidity on intake was mainly determined by the neutralization of acid silages before feeding. Extensive research has been undertaken on this subject (Shaver et al, 1985; Gill et al, 1988 ; Thomas and Thomas, 1988) . In several studies neutralization did lead to higher silage intake Shaver et al, 1985; Erdman, 1988; Ndwiga et al, 1990) , but in other studies no effect was observed (Wilkins, 1974; Fahran and Thomas, 1978; Snyder et al, 1983; Phillip and Hidalgo, 1989) . In the latter studies the acidity was probably low or insufficient to affect intake.
The addition of acids can lower the intake (see the section on the effects of lactic and acetic acids), but when they were added to silage and the pH was kept constant, no reduction in intake was observed . ). al, 1978a) can, with certain types of silage, positively affect the intake. Almost no effect was observed with good quality silages (Gill et al, 1987) , but a significant improvement was obtained with poor quality silages (Gill and England, 1984) . This explains why positive effects were observed in some studies (Gill and Ulyatt, 1977; Thomas et al, 1980; England and Gill, 1985; Veira et al, 1988) , and no difference occurred in others (Waldo et al, 1972; Kelly and Thomas, 1975; Veira et al, 1988; Phillip and Simpson, 1992) .
It is therefore possible that the nitrogen composition of silage affects intake when the protein to total N ratio is too low. Worthwhile conclusions from the study of these factors can only be obtained, however, if a proper control silage is used. With bad and poorly-preserved silages in particular, therefore, there is always the risk that the animals receive an insufficient protein supply.
Influence of specific acids
According to published reports, several specific acids present in silage, such as lactic and acetic acids which are present in the highest concentrations, and also butyric, propionic and y-amino butyric acids, have negative effects on intake.
Acetic acid
It is known that the detection of a high concentration of acetic acid by the rumen chemo-receptors limits intake (Baile and Mayer, 1970; Forbes, 1980; Baile and Della Fera, 1988) . The influence of this acid is often cited, because of the highly negative relationship between the silage acetic acid content and the silage intake Brown and Radcliffe, 1972; Demarquilly, 1973; Dulphy and Michalet-Doreau, 1981; Miettinen et al, 1991 Attempts to quantify the direct effect of acetic acid, however, have yielded discrepant results. Ulyatt (1965) found a lower intake after intra-ruminal infusion of acetic acid. A negative effect was also observed by Dinius et al (1968) and Gill et al (1988) . The latter authors, however, found that simultaneous infusion of glucose into the duodenum limited this negative effect.
Controversially, found no significant effect for acetic acid, per se, on intake. Indeed, they observed a reduction in intake only when acetic acid was infused without being buffered. When the pH was held constant, the addition of acetic acid in amounts ranging from 20-88 g/kg DM had no effect on daily intake, except for a slightly lower intake during the main meal. Similar findings were reported by Phillip et al (1981a): no effect during the day, but a slight, nonsignificant, short-term effect during the main meal. De Jong (1986) showed that acetic acid (like the other VFA S ) is a factor that, under normal conditions, has a limited effect on meal size. To obtain significant effects for this variable, authors often use high doses (Gill et al, 1988 (Buchanan-Smith, 1990 ; Gherardi and Black, 1991) . ).
Propionic acid
The effect of propionic acid has not been extensively studied, because it only occurs at low concentrations in silage. Nevertheless high ruminal concentrations can lead to lower intake (Baile and Forbes, 1974; Farningham and Whyte, 1993) if the rumen production of this acid is high. Simkins et al (1965) observed lower intake after ruminal infusions, and Brown and Radcliffe (1972) found a negative relation between silage propionic acid concentration and intake (r= = -0.55). However Thomas et al (1961) observed no reduction in hay intake after the addition of propionic acid, and intraruminal infusions of propionate salts did not affect intake either (Nbanya et al, 1993) .
Given the low concentration of this acid in silages, its effect can be considered as secondary. However lactic acid is rapidly transformed in propionic acid in the rumen (Chamberlain and Choung, 1993; Van Vuuren et al, 1995 (Demarquilly, 1973; Rook and Gill, 1990) , but a direct effect for butyric acid is not clear. Gherardi and Black (1991) even found a positive effect for butyric acid on palatibility. Butyric acid thus can be considered as a good indicator of preservation quality, but its direct effect on intake and palatibility seems to be limited. It is also worth remembering that many silages do not contain this acid.
y-aminobutyric acid
This acid is found in some silages at low concentrations. As an N-containing compound it can represent 1-6% of the total Ncontent, depending on preservation quality. Buchanan-Smith and Phillip (1986) found a depressing effect of !y aminobutyric acid on the intake during a meal following intraruminal infusions. The dose infused, however, was high (40 g) and probably exceeded normal concentrations.
Lactic acid
Statistically the role of lactic acid is different from that of the VFA S . In regression equations, with concentrations up to about 100 g/kg DM, it was generally positively related to intake Demarquilly, 1973 ). This probably means that within this range, increased concentrations of lactic acid reflect better preservation. However, in nearly all studies in which the direct effect of lactic acid on intake was tested, the results yielded either no effect or a negative one. Only Senel and Owen (1966) found a higher level of intake after the addition of lactate. In another study, the addition of lactic acid to pelleted concentrate did not affect intake in sheep (Morgan and L'Estrange, 1977 (1980) , and Gill et al (1988) found a negative relationship between lactic acid concentration and intake.
There is clear evidence, therefore, that a high content of lactic acid has a negative effect on intake, especially with regards to short-term regulation. Bueno (1975) showed that feedback signals for intake come from chemo-receptors in the duodenum which become activated when concentrations are above a certain threshold. McCullough (1966) observed a delayed rumination after rapid ingestion of silage containing high concentrations of lactic acid. In the rumen, lactic acid is rapidly transformed into VFA (principally propionic acid). Its direct effect must, therefore, be considered on the short term.
Conclusion
Numerous studies have shown that low concentrations of organic acids in silage have no impact on intake. When they occur in higher concentrations they tend to reduce silage intake; the concentration of lactic acid, however, relates positively to intake levels. In high concentrations, organic acids together negatively influence intake, because their effects are additive. This notion of a cumulative process is important and seems to be gaining acceptance (Adams and Forbes, 1981; Anil et al, 1987; Mbanya et al, 1993 (Symonds et al, 1981 ) . Intake may be limited only at high levels of nitrogen. This is also supported by the fact that no intake reduction was observed in sheep offered ammonia-treated hays (Benhamed and Dulphy, 1986) , and that the intake of treated maize silage was even higher than that of its control (Demarquilly et al, 1971; Heinrichs and Conrad, 1984) . Furthermore the addition of NH 3 to silage, even when the pH increased from 4.5 to 5.5, did not influence the intake levels (Wilkins, 1974 (Buchanan-Smith, 1990) . This is consistent with the finding of a higher intake of ammonia-treated hays (Benhamed and Dulphy, 1986) . However, for similar DM intake, Heinrichs and Conrad (1984) observed that the animals took fewer meals when fed ammonia-treated silages. Although ammonia is widely used as an indicator of silage quality, its influence on intake remains unclear. It is, however, almost certain that, in very low quality silages, high concentrations of ammonia affect intake (Choung et al, 1990) . Nevertheless, for all kinds of silages, ammonia (expressed as the percentage of total N) remains a good parameter to characterize quality and to predict intake.
Amines
During bad silage fermentation, protein degradation occurs, yielding amines at concentrations up to 8 g/kg.DM (Tveit et al, 1992) ; however they are also formed in wellfermented grass silages . It has long been assumed that these amines negatively influence silage intake (Neumark et al, 1964) , either at the oropharyngeal level or through their physiological effects (Voss, 1966) . Neumark et al (1964) even found a negative relation between silage tryptamine content and intake. McDonald et al (1963) and Okamoto et al (1964) were unable to detect any direct influence of histamine on silage intake, perhaps because the levels of histamine were too low. Barry et al (1978a) put forward the same hypothesis, because of the large amounts of amines formed in silages (Voss, 1966) . Buchanan-Smith and Phillip (1986) (BuchananSmith, 1990) .
From the recent studies of Van Os et al (1995a, 1995b) and Van Os and Van Vuuren (1996) Forbes, 1986) . No single effect is able to explain all observations (Mbanya et al, 1993) . Methods exist for making a good quality silage which will lead to high levels of intake (Van Vuuren et al, 1995 
